The plasma membrane is inhomogeneously organized containing both highly ordered and disordered nanodomains. 7-Ketocholesterol (7KC), an oxysterol formed from the nonenzymatic oxidation of cholesterol, is a potent disruptor of membrane order. Importantly, 7KC is a component 
| INTRODUCTION
Professional phagocytes including macrophage, neutrophils and dendritic cells play a vital role in both the innate and adaptive immune responses. 1 As sentinels of the immune system, phagocytes are continually surveying their environment for bacteria, fungi and other microorganisms. 2 Phagocytosis is an essential process by which professional phagocytes internalize apoptotic cells and invading pathogens into a vacuole for their removal, degradation and recycling of cellular building blocks (ie, amino and nucleic acids). Phagocytosis is a receptor-mediated process and in general 2 types of receptors are expressed by macrophage, opsonic and scavenger. 3, 4 The Fcγ receptor family is the best understood of the opsonic receptors and are known to bind to the Fc portion of the immunoglobulin G proteins.
Ligand binding by Fcγ receptors leads to an elaborate and wellorchestrated series of events that is initiated by the clustering of receptors and phosphorylation of the immunoreceptor tyrosine-based activation motifs (ITAMs) located in their cytosolic tail by Src family kinases. 5 Following ITAM phosphorylation, spleen tyrosine kinase (Syk) recruitment and activation lead to the local activation of enzymes including phospholipase Cγ (PLCγ) and phosphatidylinositol
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Atherosclerosis is an inflammatory disease characterized by high levels of lipoproteins in the sub-endothelium that can undergo oxidization which in turn promotes the recruitment of monocytes/macrophages. 8 Additionally, the accumulation of oxidized low density lipoprotein (oxLDL) results in the conversion of macrophage into foam cells that lose the ability to phagocytose particles. 9 Impaired phagocytosis of apoptotic cells, referred to as efferocytosis, leads to secondary necrosis of the apoptotic bodies which promotes inflammation. 10 A prominent component of oxLDL, termed 7-Ketocholesterol (7KC), accumulates in macrophage and foam cells. [11] [12] [13] [14] Directly supplementing macrophage with 7KC recapitulates many of the effects seen with oxLDL including the inhibition of cholesterol efflux, 15, 16 induction of foam cell formation 17 and impairment of actin dynamics. 18 Cholesterol is essential for the functionality of the plasma membrane (PM). The lipid raft hypothesis provides cell biologists with a concept of how the PM can be inhomogeneously assembled due to the presence of cholesterol and sphingolipids. 19 Perhaps, a more accurate name for these structures is "membrane nanodomains" a description that better captures the small size, heterogeneity and highly dynamic nature of these lipid-protein structures. 20 The high degree of membrane order is a fundamental characteristic of these nanodomains. This property can be measured experimentally in living cells through the use of the ratiometric dye Laurdan. 21 With regards to phagocytosis, the degree of membrane order increases during phagosome formation. 18 Previous work has demonstrated that 7KC is a potent disruptor of membrane order and a known inhibitor of actin dynamics and phagocytosis. 18 To date, how membrane order precisely impacts actin dynamics during phagocytosis is poorly understood.
Here, we report that 7KC inhibits both the Fcγ receptor-mediated and efferocytic pathways, consistent with 7KC disrupting a critical regulatory step common to both modes of phagocytosis. We go on to determine that PLCγ activity is impaired thereby preventing the hydrolysis of phosphatidylinositol 4,5-bisphosphate (PtdIns (4,5)P 2 ), a maneuver known to be essential for the completion of phagocytosis and efferocytosis.
2 | RESULTS
| 7KC impairs Fcγ receptor-mediated phagocytosis of IgG-opsonized particles
To characterize the impact of 7KC on phagocytosis, J774 mouse macrophages were treated with 25 or 50 μM (data not shown) 7KC complexed with methyl-β-cyclodextrin for 30 minutes. Following oxysterol loading, IgG-opsonized polystyrene beads labeled with an Alexa 488-conjugated secondary antibody were sedimented onto macrophage to synchronize and initiate phagocytosis. Cells were incubated with particles for 20 minutes followed by fixation with 4% paraformaldehyde (PFA). Beads that remain bound to the membrane and not internalized were labeled with a Cy3-conjugated secondary antibody to differentiate beads that were internalized to those that were not within the nonpermeabilized cells. As shown in Figure 1A (top panel), control macrophages completely internalized most particles that were bound to the membrane within the 20 minutes. This is evident by comparing total beads (green) with uninternalized beads (red). Conversely, macrophages treated with 7KC were unable to internalize particles ( Figure 1A ; bottom panel), and thus beads are both red and green. 22 These results were quantified by determining the mean number of internalized beads per cell and surface-bound beads per cell ( Figure 1B) . Collectively, our results demonstrate that while the macrophage can bind to targets, they are unable to internalize prey consistent with the study of Magenau and others.
To determine if this observation would extend to cholesterol loading or other oxysterols, macrophages were treated with 25 μM cholesterol, 7KC or another oxysterol 25-hydroxycholesterol (25-OHC) as indicated for 30 minutes before phagocytosis. As depicted in Figure 1A and quantified in Figure 1B , macrophages treated with 7KC showed a significant decrease in the number of internalized particles per cell (P = .008) and an increase in the number of bound particles per cell (P = .001). These results demonstrate that the macrophages still bind to the targets but that the efficiency of phagocytosis is reduced from~75% to <5% ( Figure 1B ). This finding was unique for 7KC as the addition of cholesterol or 25-OHC did not alter the number of beads internalized, bound, or in the efficiency compared to untreated cells.
One possibility is that the 7KC could merely cause a delay in the internalization process rather than causing an absolute block. To assess this possibility, control and 7KC-treated cells were incubated with phagocytic particles for 60 minutes, and then the number of internalized particles was determined. As depicted in Figure 1C , the 7KC-treated cells exhibited a significant decrease in the internalization of opsonized particles. Consistent with the previous report, these results demonstrate that 7KC inhibits Fcγ receptor-mediated phagocytosis.
| 7KC impairs efferocytosis
The development of arterial plaque necrosis is a consequence of impaired efferocytosis. As 7KC is known to accumulate in atherosclerotic lesions, we sought to determine if 7KC also inhibits the phagocytosis of apoptotic cells also referred to as efferocytosis. Macrophage expresses a variety of phagocytic receptors, including but not limited to, T-cell immunoglobulin-and mucin-domain-containing molecule 4, Brain-specific angiogenesis inhibitor 1 and c-Mer tyrosine kinase that bind to phosphatidylserine (PtdSer) directly or indirectly via a bridging molecule. [23] [24] [25] [26] Regardless of the receptor used, efferocytosis is an actin-dependent process that shares numerous commonalities with the traditional Fcγ-mediated phagocytosis pathway. 25, 27, 28 As efferocytic prey, we used glass beads coated with lipids including 20 mol% PtdSer and 0.4 mol% biotin-phosphatidylethanolamine (PtdEtn). The inclusion of trace amounts of biotin-PtdEtn allows us to stain the beads with fluorophore-conjugated avidin to distinguish total beads from extracellular beads similar to the dual-antibody labeling strategy employed in Figure 1A . As shown in Figure 1D ,E, cells supplemented with 50 μM 7KC maintained the ability to bind PtdSer coated beads but were unable to internalize them after 30 minutes of incubation. A more prolonged incubation time was used as we have noticed that the internalization of PtdSer coated beads is slower than that of IgG-opsonized particles of the same size consistent with the previous publications. 25 These results demonstrate that 7KC can inhibit multiple modes of phagocytosis.
| Surface expression, ligand binding and downstream signaling of Fcγ receptors is not impaired by 7KC
Phagocytosis is a receptor-mediated event that requires the recognition and engagement of Fcγ receptors expressed at the cell surface to mediate ligand uptake. The impaired phagocytic efficiency caused by 7KC could result from a suboptimal receptor density at the membrane or from the inability of the receptor to engage its ligand. 29, 30 To quantify the number of receptors at the cell surface, antibodies specific for the receptors and flow cytometry were used to quantify the expression of FcγRI, FcγRII and FcγRIII. 22 Treatment with 7KC did not alter receptor density of FcγRI, FcγRII and FcγRIII at the cell surface ( Figure 2A) . Next, the ability of the receptors to bind to its ligand was assessed using soluble heat-aggregated IgG. 2, 31 The IgG aggregates were prepared as described in the Section 4 and the experiments were done at 4 C to prevent endocytosis. Using flow cytometry, the amount of aggregated IgG bound at the surface was quantified. Again, 7KC did not alter the ability of the receptors to recognize and bind to its ligand compared to control cells ( Figure 2B,C 
| PtdIns-3K activity is not affected by 7KC
We next focused our attention on phosphatidylinositol 3,4,5-tris- Figure 4C and shows an increase in actin when macrophages are treated with 7KC. During our analysis of macrophage expressing PH-PLCδ and not engaged in phagocytosis, we noticed that 7KC treatment consistently resulted in an increase in the enrichment of the PtdIns(4,5)P 2 probe in the PM ( Figure 4D ). This finding suggests that even in the absence of phagocytic receptor stimulation that 7KC causes an elevation in plasmalemmal PtdIns(4,5)P 2 levels. Indeed, we find that in the first few minutes of phagocytosis that the PtdIns(4,5)P 2 levels at the base of the phagocytic cup decrease >80% in the control cells while the levels remain high in the cells treated with 7KC ( Figure 4E ). 
| 7KC attenuates PLCγ activity in response to high cytosolic calcium
Increased cytosolic calcium is known to activate PLCγ isoforms. Thus, to examine more directly if 7KC could act as an inhibitor of PLCγ, we decided to monitor the hydrolysis of PtdIns(4,5)P 2 in response to ionomycin. First, by using the cytosolic calcium indicator Fluo-8, we
found that 7KC did not interfere with the ability of ionomycin to increase cytosolic calcium levels (not depicted). Next, J774 macrophages transiently expressing the GFP-PH-PLCδ were imaged using video microscopy with images acquired every 15 seconds. At the indicated time point, ionomycin was added to the cell and images captured for an additional 60 to 90 seconds. As depicted in Figure 5E ,F, just before the addition of ionomycin, the PtdIns(4,5)P 2 probe is enriched in the PM, while within~10 seconds of the addition of ionomycin, the probe is displaced from the PM demonstrating that the PtdIns(4,5P) 2 has been hydrolyzed. In contrast, in cells pretreated with 7KC, the PH-PLCδ remains associated with the PM and takes considerably longer to be displaced to the cytosol ( Figure 5E,F) . This result suggests that 7KC can partly inhibit the actions of PLCγ. For comparison, we repeated the experiments this time using the putative PLC inhibitor U73122. As shown in Figure 5F , the kinetics of PtdIns(4,5)P 2 hydrolysis in response to ionomycin is comparable between the cells treated with either 7KC or U73122 and importantly, the kinetics of disappearance are significantly slower. 
| 7KC antagonizes a rapamycin-recruitable active PLCβ3
Finally, we sought to examine the impact of 7KC on a constitutively active version of PLCβ3. For this study, we took advantage of the ( Figure 6B ). In this experiment, the GFP-PH-PLCδ was used to monitor PtdIns(4,5)P 2 levels in the PM. In control cells, PtdIns(4,5)P 2 is detectable in the PM prior to the addition of rapamycin ( Figure 6C ).
However, within 2 minutes of the addition of rapamycin, PtdIns(4,5)P 2 is no longer detectable in the PM. Conversely, in cells pretreated with 7KC, a portion of the PtdIns(4,5)P 2 remained in the PM after the addition of rapamycin for up to 5 minutes (Figure 6C,D) . These results demonstrate that 7KC may also directly or indirectly inhibit PLCβ3 activity.
| 7KC prevents the electrostatic switch during phagocytosis
Plasmalemmal PtdIns(4,5)P 2 is synthesized primarily via the type I phosphatidylinositol 4-phosphate 5-kinases (PIP5Ks). 49 This family of proteins localizes to the PM in part via electrostatic interactions with the negative surface charge of the PM. 50 During the progression of phagocytosis, PLCγ-mediated hydrolysis of PtdIns(4,5)P 2 acts as an electrostatic switch that displaces many polybasic proteins including the PIP5Ks. 51 Importantly, the displacement of the PIP5Ks terminates the replenishment of PtdIns(4,5)P 2 as its precursor PtdIns4P remains at the base of the phagocytic cup. 48, 52 We suspected that the absence of the rapid hydrolysis of PtdIns(4,5)P 2 would prevent the displacement of PIP5Ks which in turn will help to sustain PtdIns(4,5)P 2 levels.
Indeed, we had previously demonstrated that enforced recruitment of an engineered PIP5K was sufficient to inhibit PtdIns(4,5)P 2 disappearance and prevent phagocytosis. 52 To investigate this possibility, we monitored the localization of PIP5Kγ-87 during phagocytosis in the P values were calculated using a 2-way ANOVA test, *P < .05, **P < .01 presence or absence of 7KC. In this experiment, J774 macrophages expressing GFP-PIP5Kγ-87 were incubated with IgG-opsonized particles for 2 minutes, fixed and imaged. As depicted in control cells in Figure 7A , as pseudopods extend around the particle, the GFP signal is lost from the base of the phagocytic cup consistent with our previous findings. 52 However, when J774 macrophages were treated with 7KC, the GFP-PIP5Kγ-87 remained at the phagocytic cup. We noted that in some cells, the localization of the GFP-PIP5Kγ-87 was continuous while in others, it appeared more discontinuous or patchy ( Figure 7A,B) . These results are consistent with the data demonstrating that 7KC-treated cells have sustained levels of PtdIns(4,5)P 2 at the base of the phagocytic cup. Additionally, the results suggest that in 7KC-treated cells, the precipitous drop in PtdIns(4,5)P 2 and the electrostatic switch are not achieved. Taken together, these results suggest that even a partial inhibition of PLCγ1 by 7KC could lead to sustained PtdIns(4,5)P 2 production and F-actin at the base of the cup.
| DISCUSSION
The role of oxysterols in immune cell function has been extensively studied over the past several years. 53 The addition of a keto group at position 7 of cholesterol alters the 3-dimensional shape of the molecule, affecting the orientation of the sterol within the membrane bilayer and in turn disrupts the lateral packing with other plasmalemmal lipids. 54 Thus, not surprisingly, 7KC has been reported to increase membrane disorder and impair phagocytosis. 18, 55 In this study, we have demonstrated that the addition of 7KC inhibits the uptake of IgG-opsonized particles as well as apoptotic body mimics. Additionally, by examining critical signaling events downstream of receptor activation we have found that membrane disorder impairs the activity of PLC isoforms.
Inhibition of PLCγ is sufficient to cause the nearly complete inhibition of both IgG-mediated phagocytosis and PtdSer receptormediated efferocytosis. However, partial and indirect inhibition may also result in sustained PtdIns(4,5)P 2 levels due to the failure to displace PIP5Ks from the base of the phagocytic cup. To address these 2 possibilities, we monitored PtdIns(4,5)P 2 hydrolysis in response to elevated cytosolic calcium and in response to G-protein coupled receptor signaling. Using ionomycin and UDP, respectively, we found that PtdIns(4,5)P 2 hydrolysis was significantly inhibited by the presence of 7KC. Taken together, our results suggest that 7KC can impact both PtdIns(4,5)P 2 homeostasis and its hydrolysis in response to stimuli.
Our analysis reveals that macrophages are unable to extend actinrich pseudopods around the phagocytic prey due to the persistence of polymerized actin at the base of the forming phagosome. This observation is similar to studies that have used the putative PLCγ inhibitor U73122, 39 although the impact seems to be stronger in the RAW macrophage cell compared to the J774 cells we used here. In this previous study, it was found that 10 minutes of inhibition with U73122 resulted in thicker cortical actin and a failure to initiate even modest pseudopods. 39 In contrast, treating macrophage with PtdIns-3K inhibitors, the step immediately upstream of PLC activation, results in pseudopod roughly hallway around the particle 56 suggesting prolonged treatments with U73122 or possibly off-target effects may inhibit phagocytosis progression at an early stage. One possibility is that the thicker cortical actin may act as a barrier to the formation of pseudopods. Additionally, how precisely U73122 acts as an inhibitor is unknown. 57 More recent biochemical studies have questioned the ability of U73122 to inhibit PLC enzymes, 58 while yet another study has demonstrated that U73122 actually stimulates PLCβ activity. 59 Ultimately, our findings demonstrate that in 4 different experimental conditions, including phagocytosis, that 7KC treatment leads to sustained levels of PtdIns(4,5)P 2 and at least phenotypically acts as a PLC inhibitor.
As 7KC is a potent disruptor of membrane order, we propose that 
| Plasmids
The PH domain of AKT and PLCδ fused to GFP was used to detect PtdIns(3,4,5)P 3 and PtdIns(4,5)P 2 , respectively. 56 GTP-bound active Rac and Cdc42 were detected using the PBD of PAK fused to GFP. 
| Rapamycin heterodimerization system
The rapamycin heterodimerization system consists of 2 constructs 67, 68 as one encodes a constitutively active ΔXY-PLCβ3-FKBP conjugated to RFP which remains cytosolic. 47, 48 The other encodes for the first 
| Confocal microscopy
Images were acquired on a spinning disk confocal microscopy system 
